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We studied sample evaporationanditseffect on analytical error. Several factors influencing evaporative loss have been identified and measured: environmental, instrumental, and operational factors, and the chemical and physical properties of the sample and its container. Such losses from several different types of sample cups have been measured, either chemically or grayimetrically, and compared with those calculated by using a model that allows evaporative loss from a cup of known geometry to be predicted under various environmental conditions. We discuss some steps that may be taken to minimize evaporative loss and give an example to demonstrate that analytical error from this source can be decreased to a routine 1-2% or less by selecting a particular cup design. 
Materials and Methods

Instrumentation
The miniature Centrifugal Fast Analyzer, the version of the centrifugal analyzer that we used in these studies, has been previously described (4, 5) , as has its operation (4).
Methodology
In the quantitative studies, control and aqueous samples were analyzed for glucose by a modified hexokinase procedure (6). Reagents for the assay ("StatPack" kit; Calbiochem, San Diego, Calif. 92112) were reconstituted before analysis by dissolving the contents of one vial in 2 ml of water, which was then added to and mixed with the contents of the second vial. Lyophilized control area (Monitrol  I and II We measured the effects of evaporation both chemi- cally and gravimetrically.
In the chemical studies, the miniature Centrifugal Fast Analyzer was used to analyze either control sera or an aqueous standard solution for glucose (6) as a function of time under several different experimental conditions. In the gravimetnc studies, various volumes of water or serum were dispensed into several different types of tared sample cups, and the weight loss of each was determined as a function of time by weighing the cup and its contents at 1-h intervals for as long as 8 h. We used an analytical balance that had a repeatability of 0.1 mg and that had been calibrated against NBS certified weights. Table 1 lists the identification,  source, and  critical dimensions of the various cups we used.
Estimation of Evaporative Losses
Results of the evaporative studies led to the development of a mathematical model that allows one to estimate the quantity of a particular liquid lost by evaporation over a specific period of time from a cup of known geometry (Figure 1 ). The theoretical basis for the model was diffusion through a stagnant gas film (7). The following assumptions are made: (a) water diffuses upward through a stagnant film of air; (b) the mole fraction of water at the gas/liquid interface can be calculated from the vapor pressure of water at room temperature;
(c) the mole fraction of water in air at the top of the cup is the same as in the laboratory atmosphere; (d) the air/water mixture is an ideal gas; (e) the solubility of air in water is negligible; (f) the entire system is at constant temperature and pressure; and (g) that part of the cup that is above the liquid level can be approximated by a cylinder with the same diameter as the liquid interface. The applicable equation is, then:2
NH2OI z=zi = rate of water evaporation at the inter- (1)
The term in brackets is a constant (C) for a particular set of conditions, and can be readily calculated. 
Results and Discussion
Analytical Effects of Evaporation
The primary effect of evaporation is on analytical accuracy, because the concentration of dissolved solutes in a sample will increase as solvent evaporation continues, as is demonstrated in Figure 2 
With the incorporation of the appropriate terms, Equation 1 can be expressed in terms of the volume lost at the interface, as follows:
The expression then becomes:
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Factors Affecting Evaporative Loss
Many factors influence the magnitude of evaporative loss; several of the more obvious ones are listed in Table 2 The effect of sample-cup geometry was determined by placing various volumes of distilled water into various types of tared sample cups and then weighing them at specified times to determine evaporative losses. Between weighings, unless otherwise specified, the sample cups were covered. The cups that were The evaporation rates obtained for these cups and the environmental conditions under which they were measured are summarized in Table 3 . In general, the rate of evaporation was proportional to the surface area of the liquid and inversely proportional to the vertical height of the stagnant air mass which is located between the liquid surface and the top of the sample cup.
The experiments summarized in Table 3 
V0
where Co = initial concentration of solute; q = quantity of substance; Vo = initial volume of sample. 
Relating the initial to the final concentration, it can be shown that:
Thus the change in concentration of the substance is proportional to the relative loss of liquid from the example.
When the data shown in Figure 5 are replotted as a relative evaporative loss vs. time and sample volume (Figure 6 ), the l0O-tl sample is found to have the greatest percentage loss, followed by the 400-, 200-, and 300-id samples. Thus one would expect the analytical error caused by evaporation to be greater in the 100-al sample than in the 400-, 200-, or samples, an expectation confirmed experimentally by analyzing various volumes of an aqueous glucose solution for glucose content as a function of time. The data obtained in this experiment (Table 4) are consistent with the above observation and indicate a greater analytical error owing to evaporation for the lO0-il sample; the smallest error was observed for the 3OO-il sample. Therefore, when the problem of evaporation is considered, one should relate the quantitative evaporative loss to the starting volume, because the analytical error is proportional to the relative loss instead of the quantitative loss. Consequently, the relative evaporative losses determined for the various sample cups are also listed in 
Note that Equation 14 predicts that the fraction of liquid loss will increase linearly with time, and for a given cup will depend on the product of the initial depth of the liquid in the cup and the height of the stagnant air mass located over it as well as the atmospheric parameters included in the constant C. The height of the stagnant air mass can also be related to the depth of liquid by the expression: h=h0+h1,
(15)
where h = the height of the sample cup. Then the rate of fractional liquid loss, R, for short times (small losses) is:
Pain
In addition to predicting the evaporation rate for a given cup, Equation 16 also suggests an optimum depth for filling the cup with liquid to reduce the effects of evaporation.
The rate of fractional evaporation loss, R, is a function of h0 and is a minimum when the denominator of Equation   16 is a maximum. This occurs when: etc. When a liquid other than water is used as the sol- (14) vent (e.g., an organic solvent from an extractive process), its physical properties will be different and the rate of evaporation will be affected accordingly. In most cases, the organic solvent will have a greater vapor pressure than water and a greater evaporative loss. The inter-and intramolecular forces exerted between the solutes and solvent of a liquid sample will also affect evaporative loss. For example, it has been reported that evaporation of water was more rapid from buffered solutions of ovalbumin or hemoglobin than from solutions of various surface-active agents or from buffer alone (8). In a gravimetric study of the comparative evaporative losses of water versus serum samples as a function of volume size, we found the evaporative loss from serum samples to be consistently higher than those from water samples ( Figure  8) .
There is also an interaction between the surface properties of the sample and the material used to fabricate the sample cup. If the surface of the cup is wet by the sample, the deeper meniscus will provide additional surface for evaporation. If the surface of the cup is nonwettable, the sample will have a shallow meniscus that will result in relatively less evaporative loss than from a similar cup fabricated from a 
Minimizing Evaporative Loss
These studies show that evaporative loss is a serious analytical problem and must be minimized. Several solutions to achieve this goal are possible: Two options are available for this: (a) the cover would be of a rigid, semirigid, or permeable membrane that is punctured by the sampling probe; or (b) the cover could be an immiscible liquid such as a silicone fluid layered over the top of the sample and through which the probe can easily pass.
Both of these options have disadvantages; the first requires a strong and inflexible probe, the availability of which is limited, especially for 1-to 10-id volumes of sample, while the second risks contaminating the sample probe with the silicone fluid. Also, as shown in Figure 9 , care must be taken to ensure that an adequate volume of silicone fluid is used; otherwiser part of the surface of the sample will be exposed and evaporative loss will still occur.
Sample cup selection.
As demonstrated earlier (Table 3), evaporative loss occurs at different rates from cups having different cross-sectional designs. In general, evaporative loss is less for tall cups (cups 1, 2, and 6) and greater for short cups (cups 3, 4, 5, and 7). Thus evaporative loss can be minimized by the use of a particular cup design having a relatively large height-to-diameter ratio. This condition is fulfilled by the 0.2-mi Microtube (cup 1, Figure 4 ). The validity of this selection is predicted by the mathematical model and has also been confirmed experimentally ( Figure 7 , Table 3 ). 
